Neurobiological research on learning assumes that temporal contiguity is essential for association formation, but what constitutes temporal contiguity has never been specified. We review evidence that learning depends, instead, on learning a temporal map. Temporal relations between events are encoded even from single experiences. The speed with which an anticipatory response emerges is proportional to the informativeness of the encoded relation between a predictive stimulus or event and the event it predicts. This principle yields a quantitative account of the heretofore undefined, but theoretically crucial, concept of temporal pairing, an account in quantitative accord with surprising experimental findings. The same principle explains the basic results in the cue competition literature, which motivated the Rescorla-Wagner model and most other contemporary models of associative learning. The essential feature of a memory mechanism in this account is its ability to encode quantitative information.
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Associative learning
The associative aspect of learning can be understood in a broad or a narrow sense. When understood in the broad sense, 'associative' implies only that the subject has learned a relation between two things. In this sense, we can say that a subject has associated X and Y when they have learned that event Y follows event X at an interval of $10 s. When used in this sense, 'associations' encode information: the brain can recover the exact relation (e.g. temporal) and parameters (duration values) from the structure of the association * . When understood in the narrow sense, 'associative' implies the formation of a signal-conducting connection between the internal representations of two events. The activation of one representation excites or inhibits the other by signals transmitted through the connection. The connection does not specify the nature (e.g. spatial, temporal, causal or categorical) or parameters (e.g. 10 s, 5 km, etc) of the relation between what it connects. An experienced temporal relation between events is often assumed to be essential for the formation of an association in this narrow sense. However, the association thus formed does not encode information [2] [3] [4] . The duration of the interval separating the associated events cannot be recovered by 'reading' or 'transcribing' the association.
Association formation in the narrow sense is plausibly thought to be realized by changes in synaptic conductance. When understood in the broad sense, however, the possible dependence on changes in synaptic conductances is less clear because it is not clear how synaptic changes might encode the nature and parameters of the different relations that might be learned. If we are to understand associations in this broad sense while maintaining the hypothesis that identifies associations with changes in synaptic conductances, we need to understand how synaptic conductances can encode quantities and relations, for example, the temporal distance between X and Y.
The distinction between the narrow and broad senses of association is important because accumulating experimental evidence has made it clear that time is not only a crucial dimension of the experiences that produce simple temporally conditioned behavior; rather, time is encoded in the 'association'. Simple learned responses, such as the conditioned eye blink and freezing in response to anticipated shock, which play a fundamental part in research on the neurobiological foundations of learning, are mediated by mechanisms that parametrically represent the temporal relation between the predicting event and the predicted event [5] [6] [7] . The rabbit not only blinks, it blinks at the right time [8, 9] ; the rat does not simply become fearful in anticipation of shock, it becomes most fearful around the time at which shock is expected [10, 11] . The physical changes in the brain wrought by the conditioning experience of the animal encode the temporal parameters of the experienced relation. They form a temporal map [12] .
For millennia, association formation in the narrow, non-representational sense has been thought to depend on close temporal contiguity [4, [13] [14] [15] . Research with Pavlovian paradigms, such as eye-blink and fear-conditioning paradigms, which are thought to reveal the basic principles of association formation, has raised two formidable challenges to this hypothesis. First, the results from inhibitory conditioning and cue competition protocols show that temporal pairing is neither necessary nor sufficient for association formation in the broad sense (Box 1). Second, it has proved impossible to define empirically what constitutes close temporal contiguity [16, 17] (Box 2). 
